The formation of novel vanadium oxide cluster molecules by oxidative two-dimensional evaporation from vanadium oxide nanostructures is reported on a Rh(111) metal surface. The structure and stability of the planar V 6 O 12 clusters and the physical origin of their 2D evaporation process have been elucidated by high-resolution scanning tunneling microscopy (STM) and ab initio density functional theory calculations. The surface diffusion of the clusters has been followed in elevated-temperature STM experiments, and the diffusion parameters have been extracted, indicating diffusion by hopping of the entire surface stabilized cluster units.
The formation of novel vanadium oxide cluster molecules by oxidative two-dimensional evaporation from vanadium oxide nanostructures is reported on a Rh(111) metal surface. The structure and stability of the planar V 6 O 12 clusters and the physical origin of their 2D evaporation process have been elucidated by high-resolution scanning tunneling microscopy (STM) and ab initio density functional theory calculations. The surface diffusion of the clusters has been followed in elevated-temperature STM experiments, and the diffusion parameters have been extracted, indicating diffusion by hopping of the entire surface stabilized cluster units. Clusters can be regarded as building blocks for the design of nanostructured materials, and much research effort is applied because of their potential use in different areas of the emerging nanotechnologies. Fundamental issues of understanding materials properties, e.g., how does structure and reactivity of a chemical compound change when passing from molecular units via nanosized clusters to the bulk solid, can be addressed in gas phase cluster studies. The evolution of bulk-type structural properties of a material with size is of prime interest; however, the characterization of cluster structures in the gas phase remains a challenge for the experimentalist. Metal oxide clusters in the gas phase have attracted extensive research activities recently because of the possibilities of addressing basic scientific questions of matter, on the one hand, and because of their relevance in technological applications, on the other hand. The latter include the use of fine powder materials, with their particular mechanical and magnetic properties [1] , or their outstanding chemical reactivity in heterogeneous catalysis related systems [2] [3] [4] . Many important oxidation catalysts contain vanadium oxides in highly dispersed form on various supports [5] , and vanadium oxide clusters are good model systems to study and mimic the active sites in such catalysts. Gas phase vanadium oxide clusters have therefore been investigated recently in ionic and neutral forms, both experimentally [6 -8] and theoretically by density functional theory (DFT) [9, 10] . Polynuclear vanadium oxide clusters have been predicted to form three-dimensional polyhedral cage structures [10] , but the experimental determination of the geometry of free clusters is difficult and information on their structure has been obtained only by indirect means [7] . However, the size of the clusters has been recognized as an important parameter for their geometrical structure. Here, we show that the ''boundary conditions'' of clusters, that is, their environment and contact with interfaces, can be most important for the structure and stability of small oxide clusters.
In this Letter we report the formation and the diffusion properties of novel planar V 6 O 12 clusters on a Rh(111) metal surface. We have determined their atomic structure experimentally by high-resolution scanning tunneling microscopy (STM) measurements and theoretically by ab initio DFT calculations. The ''cluster sources'' in the present experiments were ultrathin ordered vanadium oxide nanostructures on a Rh(111) surface, from which the production of clusters could be followed during an oxidative two-dimensional evaporation process. The planar vanadium oxide clusters created in this way are in the form of hexagonal starlike features, which are remarkably stable and are able to diffuse as intact ''molecules'' across the surface. They are stabilized by the oxide-metal interface and constitute an as yet unrecognized kind of cluster material.
The experiments have been performed in a variabletemperature STM system, which has been described previously [11] . Figure 1(a) shows a large-scale constant-current topographic STM image of the vanadium oxide cluster source, which is in the form of welldefined island structures partially covering the Rh(111) surface. The vanadium oxide islands have been prepared by evaporation of 0:25 monolayer of vanadium metal on to the oxygen-precovered Rh1112 1-O surface at room temperature, followed by a short annealing in ultrahigh vacuum at 250 C. The vanadium oxide islands constitute a two-dimensional mixed-valent oxide monolayer phase with a rectangular 5 3 3 p -rect surface structure on the hexagonal (111) surface. The rectangular surface unit cell of this structure is indicated on the STM image of Fig. 1(b) , which displays the details of this structure with higher magnification. The stoichiometry and structure of the complex 5 3 3 p -rect phase has been resolved with the help of DFT calculations [12 -16] . The corresponding structure model is presented in Fig. 1(c) , which reveals a V 13 O 21 unit cell, which may be regarded also in terms of 6V 2 O 3 1VO 3 building units. Note that the formal VO 3 unit in this latter [17, 18] , is shown in Fig. 1(d) . The experimental image and the simulation agree in every contrast detail-see, e.g., the bright protrusion in the center due to the V --O group or the dark holes at the corners and along the sides of the unit cellthus giving credence to the proposed structure model. Additional support for this model has been obtained from high-resolution electron energy loss spectra (not shown), where the characteristic phonon excitations of the bridging oxygen atoms and the V --O group have been observed. Note that the 5 3 3 p -rect phase is a stable structure in the V-oxide=Rh111 phase diagram, although it exists only in the single layer limit, where it is stabilized by the Rh(111) interface.
Under oxidizing conditions, the vanadium oxide 5 3 3 p -rect islands are observed to decompose and eject oxide clusters from their boundaries onto the free Rh surface, acting thus as a source for vanadium oxide surface clusters. The STM image of Fig. 2(a) demonstrates this two-dimensional evaporation process, which was induced by 5 10 ÿ8 mbar O 2 in the gas phase at 130 C surface temperature: starlike, planar hexagonal clusters are observed, which move away from the oxide island boundaries. These unique ''oxide molecules'' are shown in more detail in Fig. 2(b) . The stars have a preferred orientation with respect to the Rh(111) substrate and a diameter d 7
A [see Fig. 2(b) ], their apparent height in the STM is relatively independent of the applied sample bias and measured to 1:2 0:1 A. The DFT calculations indicate that the V-oxide cluster stars are V 6 O 12 units, and their relaxed structure model is displayed in Fig. 2(c) . Accordingly, the 6 V atoms are located 2.26 Å above the fcc and hcp threefold hollow sites of the Rh(111) surface, six bridging O atoms are in approximately on-top positions 3.16 Å above the Rh plane, and the peripheral O atoms are on-top 2.17 Å above the Rh plane. The bridging V-O bond distance is 1.79 Å , whereas the V-O distance of the peripheral O atoms is 1.69 Å . These V-O bond lengths are within the typical range of V-O distances in vanadium oxide bulk structures [19] . The simulated STM image shown in the inset of Fig. 2(b) reflects exactly the experimental shape. Similar good experiment-theory agreement has been obtained for other tunneling conditions. The STM simulations clearly indicate the strong hybridization between V and O states. In the simulations, the apparent corrugation with respect to the surface is 1.6 , i.e., slightly larger than in the experiment, but still significantly smaller than the real geometric corrugation of 3.16 Å .
The structure and the chemical nature of the V 6 O 12 stars are determined by their boundary to the metal surface. Vyboishchikov and Sauer [10] have studied free clusters of V 4 O 10 and V 6 O 15 by DFT and found a tetrahedron and a trigonal prism as the most stable structures, respectively. This observed planar hexagonal geometry of the V 6 O 12 clusters is stabilized by 15.7 eVas a result of the bonding interaction to the Rh(111) substrate. The latter value has been calculated by lifting the stars off the surface and relaxing the freestanding stars in the vacuum. In the computations, it is also possible to oxidize the cluster by attaching double bonded oxygen atoms to V atoms. In this manner a V 6 O 15 or V 6 O 18 cluster can be created. These clusters are found to be unstable in the phase diagram, as oxygen would prefer to stay bonded directly to the Rh substrate. Nevertheless, the supported starlike V 6 O 15 cluster is 3.5 eV more stable than the unsupported trigonal prismatic V 6 O 15 cluster suggested by Vyboishchikov and Sauer [10] , which is a clear indication that the substrate plays a decisive role and is capable of modifying the shape and morphology of small nanoparticles.
The ejection of V 6 O 12 clusters from the 5 3 3 p -rect phase on the Rh surface may be understood by considering the thermodynamic phase stability diagram of V oxides on Rh(111) as calculated by DFT. The diagram of Fig. 3(a) shows the relevant part of the phase stability diagram, displaying the regions of stability of the 5 3 3 p -rect structure, of the V 6 O 12 stars, and of the oxygen-covered and bare Rh(111) surface as a function of the chemical potential of oxygen O and the vanadium coverage c V . At a reducing chemical potential of, e.g., ÿ2:8 eV and a V coverage c V between 0 and 0.45 ML, only the clean surface and the rectangular structure are stable (this is indicated by the lower dot and the two arrows). Increasing O from, e.g., ÿ2:8 to ÿ2:2 eV, one goes from the coexistence of clean Rh and the rectangular structure to a position where clean Rh, 5 3 3 p -rect, and the stars coexist. That is, applying oxidizing conditions leads to the stars becoming thermodynamically favored at the expense of the rectangular structure (upper dot); thus, the stars evaporate from the 5 3 3 p -rect islands onto the Rh surface. Evaporation should occur once oxygen dissociation sets in on the Rh(111) surface. Figure 3(b) gives a pictorial view of how the stars could evolve from the 5 3 3 p -rect structure. The overall reaction can be described formally by the chemical equation
thus, the evaporation process corresponds to an oxidation reaction of the mixed-valent V 13 O 21 oxide to VO 2 -type oxide phases. Under reducing conditions, the reverse process can also be observed. We note parenthetically that under certain conditions fast moving rodlike features have been seen in the STM images, which are presumably associated with the V 2 O 4 products, but it is also conceivable that three V 2 O 4 clusters agglomerate to form another V 6 O 12 star.
Having found the means of production of V 6 O 12 clusters on the Rh(111) surface, we have studied their dynamic behavior and have followed the surface diffusion of the stars at the molecular level. Assuming 2D isotropic diffusion of isolated particles executing a random walk, the tracer diffusion coefficient D can be derived from a plot of the mean squared displacement hjrt ÿ r0j 2 i versus time [22, 23] according to hjrt ÿ r0j 2 i 4Dt. the preexponential factor indicates a diffusion mechanism involving the entire clusters [24] , which is supported by the experimental observation that the clusters seem to diffuse always as a whole. The height of the diffusion barrier has also been estimated theoretically by DFT calculations. Shifting a star from its favored position with theVatoms above hollow sites to an adjacent position above bridging sites costs 1.7 eV. This is of similar magnitude as the experimentally obtained value of the diffusion barrier and suggests that the configuration over bridging sites provides the saddle point of the diffusion process. In summary, the creation of a novel type of vanadium oxide cluster material has been observed, by scanning tunneling microscopy, to occur on a Rh(111) surface as the result of the oxidation reaction of a vanadium surface oxide phase. The structure, the stoichiometry, and the physical nature of the formation process of planar V 6 O 12 cluster molecules have been elucidated by highresolution STM measurements in combination with ab initio DFT calculations. The surface diffusion of the V-oxide clusters has been followed in elevatedtemperature STM experiments, and the diffusion parameters have been determined quantitatively, indicating that the oxide clusters hop as entire units. The results of this study demonstrate that the boundary conditions imposed by a solid surface can create new cluster forms, which are not stable in the gas phase. This has interesting implications for the fabrication of nanostructured oxide materials via the self-assembly route of molecular cluster building blocks.
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